Myasthenia gravis (MG) is a severely debilitating autoimmune disease that is due to a decrease in the efficiency of synaptic transmission at neuromuscular synapses. MG is caused by antibodies against postsynaptic proteins, including (i) acetylcholine receptors, the neurotransmitter receptor, (ii) muscle-specific kinase (MuSK), a receptor tyrosine kinase essential for the formation and maintenance of neuromuscular synapses, and (iii) 
Myasthenia gravis (MG) is a severely debilitating autoimmune disease that is due to a decrease in the efficiency of synaptic transmission at neuromuscular synapses. MG is caused by antibodies against postsynaptic proteins, including (i) acetylcholine receptors, the neurotransmitter receptor, (ii) muscle-specific kinase (MuSK), a receptor tyrosine kinase essential for the formation and maintenance of neuromuscular synapses, and (iii) low-density lipoprotein receptor-related protein 4 (Lrp4), which responds to neural Agrin by binding and stimulating MuSK. Passive transfer studies in mice have shown that IgG4 antibodies from MuSK MG patients cause disease without requiring complement or other immune components, suggesting that these MuSK antibodies cause disease by directly interfering with MuSK function. Here we show that pathogenic IgG4 antibodies to MuSK bind to a structural epitope in the first Ig-like domain of MuSK, prevent binding between MuSK and Lrp4, and inhibit Agrin-stimulated MuSK phosphorylation. In contrast, these IgG4 antibodies have no direct effect on MuSK dimerization or MuSK internalization. These results provide insight into the unique pathogenesis of MuSK MG and provide clues toward development of specific treatment options. neuromuscular junction | Rapsyn | Dok7 | activation loop | insulin receptor M yasthenia gravis (MG) is an autoimmune disease caused by autoantibodies to proteins in the postsynaptic membrane at neuromuscular synapses. Most MG patients carry antibodies to acetylcholine receptors (AChRs), the neurotransmitter receptor at vertebrate neuromuscular synapses (1, 2) . Autoantibodies to AChRs are largely of the IgG1 and IgG3 subclass (3) , which causes muscle weakness by three mechanisms: (i) complement-mediated membrane lysis (4), (ii) cross-linking and depletion of cell-surface AChRs (5) , and (iii) to a lesser extent, functional blocking of the ACh-binding site (6) . The ability of antibodies to AChRs to recruit complement, dimerize, and modulate AChR expression is an important component of their pathogenic mechanism: animals with experimental autoimmune MG (EAMG) can be rescued from disease with monovalent Fab fragments generated from AChR IgG antibodies, and complementdeficient mice are protected against EAMG (5, 7, 8) .
Approximately 20% of patients with MG lack antibodies to AChRs, and ∼40% of these AChR-negative patients carry autoantibodies to muscle-specific kinase (MuSK), a receptor tyrosine kinase that is essential for all aspects of synaptic differentiation and maintenance (9) (10) (11) . The synaptic defects in MuSK MG overlap with those in AChR MG, including a reduction in the number of functional AChRs at synapses and unreliable synaptic transmission, resulting in muscle fatigue and weakness. In contrast to AChR MG, MuSK MG is caused in large part by IgG4 antibodies (12) (13) (14) that fail to engage complement and are considered functionally monovalent (12) (13) (14) (15) . Consequently, the accumulation of complement and muscle membrane damage, hallmark pathological features of AChR MG, appear insignificant in MuSK MG (12, 16) . Despite the paucity or absence of complement and cell damage in MuSK MG, the structural and functional deficits of synapses are extensive in MuSK MG, which highlights the key role that MuSK plays in organizing all aspects of synaptic differentiation (9, 17) .
AChR clustering and synapse formation are orchestrated by neuronally released Agrin, which binds to low-density lipoprotein receptor-related protein 4 (Lrp4), a member of the lipoprotein receptor-related protein family, causing Lrp4 to bind and activate MuSK (18) (19) (20) . Once tyrosine-phosphorylated, MuSK recruits Dok-7, an adaptor protein that becomes phosphorylated and recruits additional signaling molecules essential for synapse formation (21) (22) (23) .
The extracellular region of MuSK contains three Ig-like domains and a Frizzled-like domain (9) . The first Ig-like domain in MuSK is required for MuSK to bind Lrp4. Mutation of a single residue, I96, on a solvent-exposed surface of the first Ig-like domain, prevents MuSK from binding Lrp4 and responding to Agrin (20, 24) . A hydrophobic surface on the opposite side of the first Ig-like domain mediates MuSK homodimerization, which is essential for MuSK transphosphorylation (24) . Although MuSK is expressed by muscle and not by motor neurons, MuSK is critical for presynaptic as well as postsynaptic differentiation (9) .
Significance
MuSK myasthenia gravis (MG) is a debilitating autoimmune disease: one-third of MuSK MG patients experience a lifethreatening respiratory crisis, and long-term immunosuppression is the only current treatment option. Here we show that pathogenic human IgG4 MuSK antibodies bind to the first Iglike domain in MuSK and prevent Lrp4 from binding MuSK, thereby inhibiting Agrin-stimulated MuSK phosphorylation. This inhibitory mechanism is likely responsible for disrupting the structure of the synapse, compromising synaptic transmission and causing disease. Our findings therefore suggest that therapeutic strategies designed to increase MuSK activity may prove effective in treating MuSK MG. Moreover, our studies provide mechanistic understanding of an IgG4-mediated autoimmune disease and may shed light on the mechanisms of other IgG4-mediated autoimmune diseases. In mice lacking MuSK, motor axons fail to stop and differentiate and instead wander aimlessly throughout the muscle (10) . MuSK regulates presynaptic differentiation, at least in part, by clustering Lrp4 in muscle, which functions bidirectionally by serving not only as a receptor for Agrin and as a ligand for MuSK but also as a direct retrograde signal for presynaptic differentiation (25) . In addition to its role during synapse formation, MuSK is also required to maintain adult synapses, because inhibition of MuSK expression in adult muscle leads to profound defects in presynaptic and postsynaptic differentiation (26, 27) .
Because IgG4 antibodies do not engage complement and are thought to be incapable of cross-linking and modulating expression of cell-surface antigens, we reasoned that pathogenic IgG4 autoantibodies to MuSK may directly interfere with MuSK function.
Here we demonstrate that human IgG4 MuSK antibodies bind to the first Ig-like domain in MuSK and prevent Lrp4 from binding MuSK, thereby inhibiting Agrin-stimulated MuSK phosphorylation. We show that inhibiting the association between Lrp4 and MuSK seems to be the major mechanism by which the MuSK IgG4 antibodies disrupt MuSK signaling and cause MG, because these antibodies neither modulate MuSK surface expression nor have a direct effect on MuSK dimerization.
Results
The Main Immunogenic Region Includes Structural Epitopes Contained in the First Ig-Like Domain of MuSK. The earliest available serum samples from 25 MuSK MG patients and sera from 18 controls were tested for immunoreactivity against human MuSK recombinant proteins using an ELISA (Fig. 1A) . All patients but no controls had high immunoreactivity against the Ig-like domain 1, although the level of binding varied among patients (Fig. 1A and Fig. S1 ). This variation likely reflects differences in antibody titer and/or affinity for MuSK. For 20 patients the immunoreactivity was limited to the first Ig-like domain (Fig. 1A) . Five patients showed additional immunoreactivity against the Ig-like domain 2 (Fig. 1A) . We did not detect reactivity to the Ig-like domain 3 or the Frizzled-like domain, although we cannot exclude the possibility that this is due to the experimental conditions (Fig. 1A) .
In addition, we expressed full-length MuSK-GFP or a mutant form of MuSK-GFP, lacking the first Ig-like domain (ΔIg-like1 MuSK::GFP) in nonmuscle cells and stained transfected cells with patient sera. Antibodies that bound selectively to the first Ig-like domain stained cells expressing wild-type MuSK but not the mutant form lacking the first Ig-like domain (Fig. 1B) . In contrast, antibodies that showed reactivity to the second Ig-like domain stained cells expressing wild-type MuSK as well as cells expressing MuSK lacking the first Ig-like domain (Fig. 1C) . In conclusion, all patients in this Dutch cohort harbor antibodies against the first Ig-like domain in MuSK at disease onset. Therefore, this region is likely to represent the main immunogenic region (MIR) of MuSK. A small group of patients have additional autoantibodies against the second Ig-like domain.
In AChR MG and other autoimmune diseases, autoantibodies often require a discontinuous stretch of amino acids that comprise a structural epitope (28) (29) (30) (31) (32) . To determine whether the autoantibodies to MuSK recognize a linear epitope in the first Ig-like domain of MuSK, we used a competition ELISA with overlapping 20-mer peptides from the first Ig-like domain ( Fig.  1D and Table S1 ). Preincubation of patient antibodies with the complete Ig-like domain 1 inhibited binding of the IgG4 fractions to full-length recombinant MuSK. Inhibition was nearly complete for patients 1 and 5 who harbored antibodies that bind exclusively to the first Ig-like domain, whereas competition was incomplete for patient 2 with reactivity to the second Ig-like domain, confirming our findings from the direct ELISA. Preincubation of the patient antibodies with 20-mer peptides, covering the first Ig-like domain, was without effect (Fig. 1D and Table S2 ). These findings indicate that the antibodies bind to a structural epitope, formed either by noncontiguous sequences within the first Ig-like domain or folding of a linear amino acid sequence, which is poorly represented in short peptides. Thus, similar to antibodies in AChR MG, antibodies to MuSK recognize linear sequences poorly, if at all.
MuSK Patient IgG4 Antibodies Interfere with Agrin-Dependent Association Between MuSK and Lrp4. One face of the first Ig-like domain in MuSK is solvent-exposed and binds Lrp4. Because pathogenic IgG4 antibodies to MuSK bind the first Ig-like domain, we asked whether the autoantibodies interfered with the association between Lrp4 and MuSK. We measured binding between Lrp4 and MuSK using a solid-phase binding assay in which the extracellular region of MuSK, fused to Fc (ectoMuSK-Fc), was adsorbed to protein A plates. The extracellular region of Lrp4 (ecto-Lrp4), fused to human alkaline phosphatase (AP), binds specifically but weakly to ecto-MuSK in the absence of neural Agrin; neural Agrin binds Lrp4 and stimulates strong and specific binding of AP-ecto-Lrp4 to ecto-MuSK (20) . We tested IgG4 as well as IgG1-3 antibodies from seven MuSK MG patients and found that the IgG4 autoantibodies from all MuSK MG patients strongly inhibited binding between Lrp4 and MuSK, reducing binding by as much as 80-100%, in a dose-dependent manner ( Fig. 2A and Fig. S2 ), whereas IgG1-3 patient antibodies had little effect, similar to IgG4 antibodies from healthy controls (Fig. 2A) . The patient antibodies that were the most effective inhibitors of MuSK-Lrp4 association were the most potent inducers of myasthenia in vivo in a passive transfer model (12) . Because the association between MuSK and Lrp4 is crucial for maintaining neuromuscular synapses, these findings raise the possibility that the autoantibodies cause myasthenia by interfering with binding between MuSK and Lrp4.
Given these findings, we wondered whether binding of patient IgG4 antibodies to MuSK required MuSK I96, which is required for MuSK to bind Lrp4. We used an ELISA, in which patient antibodies were attached to a protein A plate, which was probed with AP-MuSK fusion proteins, encoding either the entire extracellular region from wild-type MuSK or MuSK I96A. Fig. 2B shows that mutation of MuSK I96 had no significant effect on antibody binding. These findings demonstrate that the patient antibodies and Lrp4 bind distinctly to the first Ig-like domain in MuSK.
Because binding between Lrp4 and MuSK is essential for Agrin to stimulate MuSK phosphorylation, we asked whether the pathogenic IgG4 autoantibodies to MuSK prevented Agrininduced MuSK phosphorylation. We added IgG4 antibodies from patients with MuSK MG to cultured C2 myotubes, together with neural Agrin, and measured MuSK phosphorylation. Patient IgG4 antibodies to MuSK blocked MuSK phosphorylation ( Fig. 2 C and D) . Together, these data indicate that the MuSK antibodies cause disease by preventing Lrp4 from binding MuSK and blocking MuSK phosphorylation.
MuSK Patient IgG4 Antibodies Do Not Inhibit MuSK Dimerization.
Because the first Ig-like domain of MuSK also contains a hydrophobic surface that functions as a dimerization interface, which is important for Agrin to induce MuSK phosphorylation (24), we considered the possibility that pathogenic IgG4 antibodies to MuSK might also directly interfere with MuSK homodimerization. We therefore sought to determine whether IgG4 antibodies to MuSK inhibit MuSK phosphorylation in fibroblasts expressing MuSK but not Lrp4, a context whereby MuSK phosphorylation is dependent upon MuSK dimerization and not facilitated by Lrp4.
Previously we found that MuSK is poorly tyrosine phosphorylated in transfected mammalian nonmuscle cells and in yeast. Because MuSK has an unusually high K m for ATP (33) , similar to the ATP concentration in muscle but higher than the ATP concentration in most cell types, we considered the possibility that this high K m for ATP restrained MuSK phosphorylation in nonmuscle cell types. Because the insulin receptor has a lower K m for ATP, typical for receptor tyrosine kinases, we mutated two amino acids in the activation loop of MuSK to the corresponding residues in the insulin receptor, reasoning that these substitutions might destabilize the activation loop, lower the K m for ATP, and increase MuSK phosphorylation in nonmuscle cells.
We generated an activation loop double mutant, MuSK L746M, S747T, and found that this activation loop mutant, unlike wild-type MuSK, was efficiently tyrosine phosphorylated in nonmuscle cells (Fig. 3 A-C) . We transfected 3T3 cells with the activated form of MuSK and measured MuSK phosphorylation 12, 24, and 36 h after transfection and found that MuSK phosphorylation was undetectable at 12 h but increased in a linear manner over the next 24 h (Fig. 3D) . Nearly all tyrosine phosphorylated MuSK was on the cell surface, because mild trypsin treatment degraded MuSK, leading to the disappearance of the tyrosine phosphorylated MuSK band at ∼110 kd (Fig. 3D) . We therefore treated transfected 3T3 cells with IgG4 antibodies to MuSK, beginning at 12 h after transfection, and measured MuSK phosphorylation at 24 and 36 h. Fig. 3 shows that IgG4 from MuSK MG patients failed to inhibit MuSK phosphorylation (Fig.  3 E-G) . Because these antibodies completely block binding between Lrp4 and MuSK but have no detectable effect on MuSK dimerization, inhibition of MuSK dimerization likely plays little if any role in pathogenesis.
MuSK Patient IgG4 Antibodies Do Not Deplete MuSK Cell-Surface
Expression. Nearly all MuSK expressed in 3T3 cells was on the cell surface and removed by mild trypsin treatment (Fig. 3D) . Treatment of these cells with IgG4 patient antibodies did not alter the amount of MuSK expressed by 3T3 cells (Fig. 3E) , which was likewise found almost entirely on the cell surface and removed by mild trypsin treatment (Fig. 4) . In contrast, intracellular proteins, such as GAPDH, were not degraded by trypsin (Fig.  4) . Thus, the pathogenic IgG4 antibodies to MuSK do not modulate and reduce MuSK cell-surface expression in this context.
Discussion
MuSK MG is an IgG4-mediated autoimmune disease. Transfer of purified IgG4 from MuSK MG patients into immune-deficient mice causes myasthenic weakness that mimics the pathophysiology of patients with MuSK MG (13) . Thus, these autoantibodies exert their pathogenic effects independent of the immune system by binding to MuSK and interfering with normal neuromuscular physiology. Our studies show that pathogenic IgG4 antibodies to MuSK prevent Agrin from stimulating MuSK by blocking association between Lrp4 and MuSK. This inhibitory mechanism likely plays a key role in disrupting the structure of the synapse, compromising synaptic transmission and causing disease. Because the pathogenic antibodies neither decrease MuSK surface expression nor directly interfere with MuSK dimerization, therapeutic strategies designed to increase MuSK activity may prove effective in treating MuSK MG.
All Dutch MuSK MG patients tested had strong immunoreactivity against the first Ig-like domain of MuSK. Five patients harbored additional reactivity against the Ig-like domain 2 in the ELISA. Others have reported that patients harbor autoantibodies outside of the Ig-like domains, including the Frizzled-like domain (13, 34, 35) . These differences might be caused by racial differences and/or different disease states of the patients.
Other studies have explored an active immunization model of MuSK MG instead of a passive transfer model with patient autoantibodies. These studies have shown that bivalent MuSK antibodies activate MuSK phosphorylation and inhibit Agrindependent AChR clustering (16, 36) , whereas monovalent Fab fragments, generated from these antibodies, inhibit MuSK phosphorylation and AChR clustering (37) . Because rabbits lack the equivalent of human IgG4 antibodies, and mouse IgG binds complement (38, 39) , the active immunization models lead to the production of classic, bivalent antibodies that cross-link antigens, deplete cell-surface expression, and engage complement. In addition, the MuSK epitopes recognized by these polyclonal antibody responses are unknown. As such, the nature of disease in the active immunization model is distinct from MuSK MG caused by human IgG4 antibodies.
Passive transfer of total IgG from MuSK MG patients into mice can stimulate rather than inhibit MuSK phosphorylation, and in contrast to our findings, induce MuSK internalization (40) . Given the structure and function of IgG4 antibodies, as well as our findings showing that IgG4 antibodies inhibit MuSK phosphorylation, it seems likely that stimulation of MuSK phosphorylation was due to IgG1-3 rather than IgG4 in these passive transfer experiments. Combining the IgG1-3 and IgG4 fractions might mask individual effects of the different antiMuSK IgG subclasses. Because IgG4 rather than IgG1-3 antibodies are pathogenic in Dutch MuSK MG patients (12) , these findings, taken together, raise the possibility that different ethnic groups generate different immune responses to MuSK and that some MG patients carry IgG1-3 antibodies to MuSK that cause disease by other mechanisms. As such, identifying the optimal therapy for MuSK MG may require an understanding of the mechanism by which MuSK antibodies cause disease in individual MuSK MG patients.
MuSK is essential for all known aspects of presynaptic and postsynaptic differentiation (9, 10, 17) . As such, antibodies that inhibit MuSK function would be expected to disrupt the architecture of the neuromuscular synapse as well as perturb neurotransmitter release and reception (9, 18, 19, 34, (41) (42) (43) (44) . Because the synaptic accumulation of acetylcholinesterase (AChE), like all other postsynaptic proteins, depends on MuSK (10, 42) , IgG4 antibodies to MuSK are likely to lower AChE expression at the synapse, which may explain the hypersensitivity of MuSK MG patients to AChE inhibitors.
In AChR MG, the decrease in AChR expression and function leads to a compensatory increase in neurotransmitter release, termed "quantal content." An increase in quantal content, however, is not evident in MuSK MG (12, 16, 45) . These findings suggest that MuSK plays an important role in this homeostatic response. Because muscle inactivity increases MuSK expression (46) , antibodies to AChRs may stimulate MuSK expression and MuSK-dependent retrograde signaling, thereby increasing quantal content. Because MuSK signaling is required to cluster Lrp4, which serves as a retrograde signal for presynaptic differentiation (25) , antibodies that inhibit MuSK are likely to compromise presynaptic differentiation and prevent a compensatory increase in transmitter release. If so, autoantibodies to Lrp4 may likewise perturb presynaptic and postsynaptic differentiation (12, 40, (47) (48) (49) .
Traditionally, IgG4 antibodies have been considered to have an antiinflammatory role, because they can compete with IgG1-3, thereby attenuating antigen down-regulation, complement-mediated cell damage, and inflammation. There is growing evidence, however, that IgG4 antibodies can be pathogenic: IgG4 antibodies against desmoglein cause a skin-blistering disease, termed pemphigus (50) , and IgG4 antibodies to the phospholipase A2 receptor are thought to contribute to membranous nephropathy (51). Moreover, IgG4 autoantibodies to Leucine-rich glioma inactivated 1 (Lgi1), a regulator of the voltage-gated potassium channel, are thought to be responsible for limbic encephalitis (52) . The mechanisms by which these IgG4 antibodies disrupt function and cause disease, however, are not understood. Our studies provide a mechanistic understanding of an autoimmune disease caused by IgG4 antibodies and may shed light on the mechanisms of other IgG4-mediated autoimmune diseases.
Materials and Methods
Patients. Twenty-five Dutch MuSK MG patients and 18 controls were included for these studies ( Table 1 ). All patients gave written consent according to the Declaration of Helsinki, and the study was approved by the Leiden University Medical Center ethics committee. The patients were diagnosed on the basis of the presence of fatigable muscle weakness with electrophysiological evidence of decrementing compound muscle action potentials in response to low-rate repetitive nerve stimulation or increased jitter on single-fiber electromyography. Furthermore, they tested positive for MuSK antibodies in a standard commercial RIA from RSR. Eighteen controls included 5 patients with AChR MG, 1 with Lambert-Eaton myasthenic syndrome, and 12 healthy controls. Plasmapheresis material from 7 patients became available during regular treatment for MuSK MG. This material was stored at −80°C until it was further processed for IgG purification. Plasmapheresis material was affinity purified for IgG4 and IgG1-3 as described previously (SI Materials and Methods) (12).
Binding Assays. Recombinant proteins were generated to cover the complete extracellular region of MuSK or domains of MuSK (SI Materials and Methods). We identified the epitopes recognized by the MuSK MG patient antibodies using an ELISA and by a competition ELISA, using 20-aa overlapping peptide fragments (Leiden University Medical Center peptide facility) that cover the first Ig-like domain (Table S1 ). We measured binding between patient antibodies, bound to a protein A plate, and AP-ecto MuSK or AP-ecto MuSK I96A, in triplicate, using an ELISA. Binding between MuSK and Lrp4 was measured using a solid-phase binding assay, as described previously (20) , except that we used human rather than rat MuSK (SI Materials and Methods). To determine the effect of IgG on MuSK-Lrp4 binding, 10 nM Agrin and 10 nM Lrp4-AP were coincubated with 8.3 μM purified IgG, which is within the reported normal range for IgG4 (0.05-9 μM); moreover, IgG4 levels can be elevated more than 20-fold in IgG4 autoimmune diseases (53) . The average value from three independent experiments for each patient was calculated. One-way ANOVA analysis with Bonferroni's correction was used to compare differences in MuSK-Lrp4 binding in the presence of IgG4 or IgG1-3 and between MuSK MG patients and controls. The values were considered statistically different if P < 0.05.
Tyrosine Phosphorylation Assays. MuSK L746M/S747T was generated by sitedirected mutagenesis and transfected into 3T3 cells with Lipofectamine 2000 (Invitrogen) (SI Materials and Methods). 3T3 cells were treated with 40 μg/mL IgG4 from MuSK MG patients, or controls from 12 to 36 h after transfection; cell-surface proteins from triplicate samples were digested by trypsin (0.05%) for 5 min at 37°C. Myotubes were stimulated with 0.4 nM neural Agrin or Agrin together with 40 μg/mL IgG4 from MuSK MG patients, or controls for 30 min at 37°C. MuSK tyrosine phosphorylation in duplicate samples was measured as described previously (54) . PJ69-4A yeast were transformed with plasmids encoding the GAL4 DNA binding domain fused to wild-type rat MuSK, MuSK D753A, MuSK L745M, S746T, or the insulin receptor. Fusions proteins were immunoprecipitated with antibodies to GAL4, and Western blots were probed with antibodies to phosphotyrosine (SI Materials and Methods).
Immunostaining. U2O cells were transfected with human MuSK-GFP or ΔIg-like1-MuSK-GFP, and fixed cells were stained with patient antibodies, followed by Alexa 594-conjugated mouse anti-human IgG (Invitrogen). Stained cells were viewed with a Leica DM 5500B microscope, and images were analyzed with LAS AF software (SI Materials and Methods).
